DESIGN OF MULTIPHASE STAINLESS STEELS/EXPERIMEI\ITAL PIETHODS
During t h e present i n v e s t i g a t i o n f o u r types o f microstructures were designed and studied: ( I ) duplex: austenite (y) and deformation induced martensite (MD); (11) t r i p l e x : austenite, athermal martensite (MA) and deformation induced martensite; (111) t r i p l e x : austenite, f e r r i t e ( a o r 6 ) and deformation induced martensite and ( I V ) quaduplex: austenite, f e r r i t e , athermal martensite and deformation induced martensite. The f i r s t and second type o f microstructures were developed through the a p p l i c a t i o n o f type I o f t h e thermomechanical treatments and the t h i r d and f o u r t h type of microstructures were developed through t h e a p p l i c a t i o n o f thermomechanical treatments type I 1 and type 111. Thermomechanical treatments type I were designed t o o b t a i n a dispersion o f deformation ( s t r e s s o r s t r a i n ) induced martensite and/or atherma1 martensi t e w i t h i n an austeni t i c ( c o n t a i n i n g between 6 and 12 w t % n i c k e l ) , s t a i nless ( c o n t a i n i n g between 16 and 20% chromium) matrix. This microstructure was then submitted t o thermomechani c a l treatments type I I : deformation a t d i f f e r e n t temperatures t o 50% s t r a i n and then tempering p r i o r t o r e c r y s t a l l i z a t i o n w i t h i n the a + Y o r 6 + y phases f i e l d ; followed by water quenching, l i q u i d n i t r o g e n requenching and deformation t o a s t r a i n s u f f i c i e n t t o o b t a i n a considerable volume f r a c t i o n (20.3) o f deformation induced martensite. I n order t o achieve f u r t h e r refinement these micros t r u c t u r e s were submitted t o thermomechanical treatments type 111, which consisted i n the r e a p p l i c a t i o n o f one o r various cycles o f therrnomechanical treatments type 11. This r e s u l t e d i n a very f i n e micromultiphase s t r u c t u r e , w i t h a t y p i c a l average g r a i n s i z e between 1 and 5 um.
RESULTS AND DISCUSSION

Kerostructures Type I and II/ThermorneckanicaZ Treatments Type I
Abundant formation o f deformation induced (stress and/or s t r a i n ) m a r t e n s i t e was observed i n a l l s t e e l s a t a1 1 temperatures w i t h i n the range 77K t o 273K. This r e s u l ted i n a considerable increase i n the diamond pyramid hardness (DPH), y i e l d strength (YS) and u l t i m a t e t e n s i l e s t r e n g t h (UTS), b u t was accompanied by a s i g n i f i c a n t decrease i n the elongation (Figs. 1 and 2 ).
For the same amount o f deformation, the amount o f deformation induced martensite and the increase i n DPH, YS and UTS were observed t o increase w i t h decreasing deformation temperatures f o r a l l s t e e l s investigated. As shown i n f i g u r e s 1 and 2 a much h i g h e r volume f r a c t i o n o f martensite and a much highe r strength were obtained f o r a given amount o f deformation a t 77K than a t 298K. This i s expected since the temperature range 77-298K f a l l s w i t h i n the temperature range MS-Md for the 302 and 304 steels and within the l a t t e r the total driving force for the formation of martensite AFT increases with decreasing deformation temperatures. This results in a higher amount of martensite being formed for the same amount of strain a t lower temperatures and a lower stress and/or strain being needed to form the same amount of martensite a t lower temperatures.
Assuming that the nucleation of martensite i s heterogeneous and without specifying any shape o r size for the embryos, the thermodynamic driving force for the formation (nucleation and growth to the measured completion) of martensite can be expressed by the following equation:
where: AF i s the total free energy change measured per unit volume due t o the formation of martensite (athermal, s t r e s s assisted and/or strain induced); A F i s the free energy change associated with the bulk material, largely determined by eflectronic configurations; A F i s the surface energy associated with the atomic misfit between the parent (austenSte) and product (martensite) phase; AF, i s the s t r e s s which has to be overcome to shear the austeni t e into martensi t e , which i ncl udes the free energy change associated with the growth of one martensite crystal (block, lath o r plate) in the strain field created by previously formed martensite crystals and A F i s the free energy of the microstructural defect which i s destroyed due to the formaeion of martensite. The terms AF , AF, and AF, are always positive and therefore oppose the transformation a t a11 $emperatures. The terms bFy and AFD may become negative and have to overcome the terms aFS + AF, + AF, in order t h a t the martensite crystals can complete their transformation. For each two deformation temperatures the experimentally measured differences both in the volume fractions of martensite and in the correspondent strength (DPH, YS, UTS) were observed to be a function of the amount of deformation, a maximum being obtained in the deformation range of 20% to 40% strain. I t was observed that in the 304B steel the amount of martensite formed by deformation i n the temperature range 77-298K increased continuously and very rapidly with increasing strain through the entire strain range. However in the case of the 302 and 304 steels the amount of martensite formed exhibited plateaux between 15% and 35% s t r a i n , as shown in figure l . ; (e) MD n u c l e i t e s a t T : 304, €=lo%, 298K and (f) M : l e n t i c u l a r twinned and f a u l t e d : 304, €=15%, 298K; iRterna1 twins i n p l a t e pl coneinue i n t h e a u s t e n i t e as p l a t e s P2 6 P3. Fig. 3 The r o l e o f MA and MD on tempering and on t h e n u c l e a t i o n o f a / 6 and y during r e c r y s t a l l i z s t i o n and o f a /6 and y on t h e formation o f M and MD upon TMT Type 11: (a) 304B, 673K; (6) 304, 773K and (c) 301, 1073K f o l l o w e i by 10% s t r a i n a t 298K. T h i s i s a t t r i b u t e d t o a t r a n s i t i o n from s t r e s s a s s i s t e d t o s t r a i n induced m a r t e n s i t e i n t h e 302 and 304 s t e e l s between 15% and 35% s t r a i n . However i n t h e 304B s t e e l mart e n s i t e i s considered t o be s t r a i n induced through t h e e n t i r e s t r a i n range. Those p l a t e a u x c o i n c i d e w i t h t h e l a s t stage o f f o r m a t i o n o f t h e s t r e s s a s s i s t e d m a r t e n s i t e and can be e x p l a i n e d b y t h e p a r t i a l s t a b i l i z a t i o n o f t h e a u s t e n i t e r e l a t i v e l y t o t h e formation of s t r e s s a s s i s t e d m a r t e n s i t e , due t o p r e v i o u s t r a n s f o r m a t i o n . T h i s i s due t o t h e t r a n s f o r m a t i o n i t s e l f and t h e f a c t t h a t t h e s p e c i f i c volume o f m a r t e n s i t e i s 4.3% l a r g e r than t h a t o f t h e p a r e n t a u s t e n i t e , which cause a d i s t o r t i o n t h a t must be accomodated by t h e g e n e r a t i o n o f d i s l o c a t i o n s , t w i n s o r s t a c k i n g f a u l t s w i t h i n t h e austeni te. The r e v e r s e o f t h e a u s t e n i t e s t a b i l i z a t i o n ( i .e. i n s t a b i li z a t i o n r e l a t iv e l y t o t h e formation o f s t r a i n -i n d u c e d martensi t e ) would be expected i f t h e martens i t e was s t r a i n -i n d u c e d , due t o t h e a u t o c a t a l i t i c e f f e c t a s s o c i a t e d w i t h t h e format i o n o f n u c l e a t i o n s i t e s by p l a s t i c deformation which would s h a r p l y i n c r e a s e t h e s l o p e o f t h e curve, as observed i n t h e 3048 s t e e l . It i s a l s o i m p o r t a n t t o e x p l a i n why t h i s s t a b i l i z a t i o n o f t h e a u s t e n i t e , observed o n l y i n t h e l a s t stages o f format i o n of s t r e s s a s s i s t e d n a r t e n s i t e ( i n t h e 302 and 304 s t e e l s ) does n o t occur f o r s t r a i n l e v e l s below 15%. This i s a t t r i b u t e d t o t h e f a c t t h a t t h e mechanical work (8% t o 15%) produced d u r i n g deformation i s n o t b e i n g s t o r e d i n t h e austeni t e through t h e formation of d i s l o c a t i o n s , t w i n s o r s t a c k i n g f a u l t s , b u t i s i n s t e a d used as t h e s t r a i n energy need t o propagate the m a r t e n s i t e i n t e r f a c e . T h i s i s i n agreement and e x p l a i n s why no s i g n i f i c a n t number o f d i s l o c a t i o n s , t w i n s o r s t a c k i n g f a u l t s were observed i n t h e a u s t e n i t e , even a d j a c e n t t o t h e martensi t e p l a t e s ( 2 ) .
The n i c k e l c o n t e n t and t h e n i c k e l e q u i v a l e n t o f t h e 302 and 304 type s t e e l s i s approximately t h e same and h i g h e r than those o f t h e 304B s t e e l . This r e s u l t s i n a l o w e r MS temperature f o r t h e 302 and 304 s t e e l s . Therefore i t i s a l s o expected t h a t
Mg ( t h e temperature below which " y i e l d i n g " o f t h e a u s t e n i t e i s i n i t i a t e d by martens i t e formation, and above which y i e l d i n g o f t h e a u s t e n i t e i s i n i t i a t e d by p e r f e c t o r d i s s o c i a t e d s l i p , i .e. M~< @ < M~) i n t h e 302 and 304 s t e e l s w i l l be l o w e r than t h a t o f t h e 304B s t e e l . I t i s t h e r e f o r e p o s s i b l e f o r t h e f o r m a t i o n o f m a r t e n s i t e i n t h e 302
and 304 s t e e l s t o be s t r e s s a s s i s t e d f o r s t r a i n l e v e l s below 15% and s t r a i n induced f o r s t r a i n l e v e l s above 35%, where s i g n i f i c a n t number o f n u c l e a t i o n s i t e s have been formed by p l a s t i c deformation.
I n t h e 302 and 304 s t e e l s t h e morphology o f t h e deformation induced m a r t e n s i t e was observed t o be c o n s i d e r a b l y i n f l u e n c e d b y t h e deformation temperature. The numb e r o f v a r i a n t s o f deformation induced m a r t e n s i t e was observed t o i n c r e a s e w i t h dec r e a s i n g deformation temperatures. A t l o w e r temperatures a g r e a t e r number o f s h o r t e r and t h i n n e r p l a t e s and p l a t e v a r i a n t s were observed ( F i g . 2). Upon deformation a t 298K o n l y one o r two v a r i a n t s o f m a r t e n s i t e were observed w i t h i n each a u s t e n i t e g r a i n . However upon deformation a t 77K an average f o u r v a r i a n t s o f deformation i nduced m a r t e n s i t e were observed. These o b s e r v a t i o n s a r e i n agreement
w i t h p r e v i o u s r e s u l t s o b t a i n e d by Marques f o r z i r c o n i u m and t i t a n i u m based deformation induced mart e n s i t e s (2,3) and a r e c o n s i s t e n t w i t h a s t r e s s a s s i s t e d heterogeneous m a r t e n s i t e formation. The s t r e s s a s s i s t e d modes wi 11 be those whose t r a n s f o r m a t i o n shear d i s t o rt i o n i s compensated ( t h e sum AFS + AF, * + AF, i s minimi zed) b y t h e a p p l i e d s t r e s s .
Thus t h e a p p l i e d s t r e s s w i l l o n l y a s s l s t t h e f o r m a t i o n o f very few p l a t e v a r i a n t s , the o t h e r b e i n g opposed. I t i s expected t h a t t h e f o r m a t i o n o f these p l a t e s w i l l p r oduce s t r a i n s p a r a l l e l and normal t o t h e h a b i t p l a n e . T h i s i s i n agreement and exp l a i n s t h e morphology o f these m a r t e n s i t e s and i n p a r t i c u l a r t h e o r i e n t a t i o n r e l a t i o ns h i p s between t h e successive v a r i a n t s o f m a r t e n s i t e ( F i g s . 2 and 3). The l a r g e r dens i t y o f p l a t e s and p l a t e v a r i a n t s observed a t l o w e r temperatures can be e x p l a i n e d s i n c e a t l o w e r temperatures AFV becomes l a r g e r , AFT becomes s m a l l e r , t h e c r i t i c a l r ad i u s decreases and t h e number o f c r i t i c a l embryos increases. The s m a l l e r s i z e o f t h e p l a t e s observed a f t e r growth i s completed, a t l o w e r temperatures, can be e x p l a i n e d b y the h i g h e r s t r e n g t h o f t h e a u s t e n i t e and t h e r e f o r e a l a r g e r AFT. Although t h e e x a c t n a t u r e o f t h e m a r t e n s i t e embryos i s n o t y e t f u l l y e s t a b l i s hed i t i s expected (2) t h a t t h e s t r e s s a s s i s t e d n u c l e a t i o n o f m a r t e n s i t e depends on the same n u c l e a t i o n s i t e s o r embryos which a r e r e s p o n s i b l e f o r t h e usual athermal t r a n s f o r m a t i o n s . T h i s would e x p l a i n t h e e f f e c t o f t h e deformation temperature on t h e morphology o f t h e s t r e s s as;isted m a r t e n s i t e s observed i n t h e 302 and 304 s t a i n l e s s s t e e l s . However, t h e s t r a i n induced n u c l e a t i o n o f m a r t e n s i t e depends on t h e c r e a t i o n o f new s i t e s and embryos b y p l a s t i c deformation, w i t h an expected a u t o c a t a l y t i c nuc l e a t i o n e f f e c t . I t i s g e n e r a l l y b e l i e v e d t h a t l o c a l s t r e s s c o n c e n t r a t i o n s a c t as
nucleation s i t e s . I n t e r s e c t i o n s o f two a c t i v e s l i p systems o f the type 111 1)<112>FCC (4); i n t e r s e c t i o n o f two E martensi t e p l a t e s (5); i n t e r s e c t i o n o f an a c t i v e s l i p system w i t h E martensite p l a t e s ( 6 ) ; i n t e r s e c t i o n o f an E p l a t e w i t h an austenite t w i n and/or g r a i n boundary (7, 8) and s t r a i n induced stacking f a u l t s (5,9,10) have been suggested as possible embryos. However i n each o f the above cases the region o f i nt e r s e c t i o n i s defined as a l a t h o r rod shaped volume which c o n t r o l s the morphology o f the s t r a i n induced martensi te, b u t which i s n o t s i g n i f i c a n t l y i n f l u e n c e d by the deformation temperature. This f u r t h e r supports the view t h a t the present deformation in duced martensites, observed i n t h e 302 and 304 s t e e l s are stress assisted. During t h i s i n v e s t i g a t i o n i t was observed t h a t the deformation induced martensite nucleated heterogeneously a t the f o l l o w i n g favorable s i t e s : (a) annealing twins w i t h i n the aust e n i t e (Fig. 2) ; ( b ) athermal martensite p l a t e boundaries ( Fig. 2 and 3) ; ( c ) austeni t e q r a i n boundaries (Fiq. 2); and ( d ) i n t e r f a c e s between the a u s t e n i t e and f e r r i t e (Fig. 3) . U~o n auenchina/reauenchins t o 77K a s i s n i f i c a n t amount o f athermal martensite was observed ' i n t h e y 0 4~ ' s t e e l , 6 u t n o t i n the 302 o r 304 s t e e l s . This i s explained by the lower n i c k e l content o f the 304B s t e e l and consequently h i g h e r Ms temperature. This athermal martensi t e had a l e n t i c u l a r zig-zag morphology (1) w i t h a l a r g e number (>6) o f p l a t e v a r i a n t s which made i t e a s i l y distinguished from the deformation i nduced martensi t e (Figs. 2 and 3 ) .
The substructure o f the deformation induced martensites was observed t o be h i g h l y f a u l t e d and mainly i n t e r n a l l y twinned (Fig. 2) . This heavy i n t e r n a l f a u l t i n g i s probably associated w i t h stresses due t o the complex i n t e r a c t i o n s between the l a t t i c e i n v a r i a n t deformation o c c u r r i n g during t h e martensite formation and t h e a p p l i e d s t r e s s / s t r a i n .
However the substructure o f the l e n t i c u l a r zig-zag athermal martensite was observed t o be dislocated. The f a c t o r s t h a t c o n t r o l the morphology, substructure and the morphological and substructural t r a n s i t i o n s are discussed elsewhere (1). The athermal martensite i n t h e 3048 s t e e l was observed t o provide a cons i d e r a b l e volume f r a c t i o n o f nucleation s i t e s f o r the formation o f deformation i nduced martensite and t o considerably increase the volume f r a c t i o n o f MD upon subsequent deformation a t a l l deformation temperatures (Figs. 2 and 3) . The r o l e of the athermal martensite on subsequent nucleation o f t h e deformation induced martensite i s shown i n f i g u r e 1: f o r a 304B s t e e l 100% o f MD was obtained w i t h 20% s t r a i n a t 77K and 45% s t r a i n a t 298K. However i n t h e 302 s t e e l 100% MD was obtained w i t h 40% s t r a i n a t 77K and 50% s t r a i n a t 298K only produced 65% MD. I n the 304 s t e e l 50% s t r a i n only produced 85% MD a t 77K and 55% MD a t 298K. Upon thermomechanical t r e a tments type I and f o r a given p a i r : amount o f deformation-deformation temperature, the amount o f martensite induced by deformation was observed t o be c o n t r o l l e d mainly by the n i c k e l content o f the austeni t e phase o f the p a r t i c u l a r s t e e l and the amount and type o f athermal martensite previously formed during quenching/requenching t o 77K.
MuZtiphase Microstructures Type 111 and IV/ThemnomechanicaZ Treatments Type I I
I n o r d e r t o increase t h e strength (DPH, YS, UTS) o f these s t a i n l e s s s t e e l s w i t h a small decrease i n t h e i r f o r m a b i l i t y and f r a c t u r e toughness a second type of therrnomechani cal treatments (Table 1) f e r r i t e and austeni te; and (e) impede the motion o f r e a c t i o n f r o n t s , which considerably l i m i t e d the g r a i n growth during rec r y s t a l l i z a t i o n . As shown i n Table 1 and f i g u r e 3 f o r a 3021304 s t e e l annealing a t 674K r e s u l t e d i n a multiphase s t r u c t u r e containing f e r r i t e , austenite and 80% r e t a i ned and tempered martensite. Annealing a t 773K r e s u l t e d i n a s i m i l a r microstructure b u t w i t h o n l y 20% r e t a i n e d martensite. Annealing a t higher temperatures (973K and 1073K) r e s u l t e d i n very fine (4-5 m: 973K and 7-10 m: 1073K) f u l l y r e c r y s t a l l i z e d austeni t e -f e r r i t e microstructures. S i m i l a r microstructures were obtained i n the 304B s t e e l , however both the r e c r y s t a l l i z a t i o n temperatures and t h e g r a i n s i t e s achieved were s h i f t e d t o lower values, which i s explained by the r o l e played by t h e athermal martensi t e . These r e c r y s t a l 1 i zed microstructures were water quenched and requenched i n t o l i q u i d n i t r o g e n and f u r t h e r deformed t o various s t r a i n l e v e l s by r o l l i n g i n the temperature range 77K t o 298K. This again r e s u l t e d i n considerable amounts of transformation o f the austenite i n t o martensite a t a l l temperatures. The achievement o f such f i n e g r a i n s i z e w i t h o n l y one cycle o f TMT i s a t t r i b u t e d and explained by t h e r o l e played by the disposed c r y s t a l s o f MA and MD. Fig. 3 ). This r e s u l t e d i n r e f i n e d r e c r y s t a l l i z e d micromultiphase s t r u c t u r e s c o n t a i n i n g f e r r i t e and austenite w i t h a very h i g h density o f annealing twins (T,).
Typical g r a i n sizes f o r 302 and 304 s t e e l s a f t e r two cycles o f TMT and r e c r y s t a l l i z a t i o n a t 1073K were between 2 and 3 pm. A f t e r three cycles o f TMT the 304B s t e e l e x h i b i t e d grain sizes o f approximately 1.5 pm. These micromul ti phase s t r u c t u r e s were water quenched and requenched t o 1 i q u i d n i trogen and f u r t h e r deformed t o various s t r a i n l e v e l s w i t h i n the temperature range 77K t o 298K. This r e s u l t e d i n t h e formation o f very f i n e c r y s t a l s o f MD i n the 302 and 304 s t e e l s and i n a mixture o f very f i n e MA and MD c r y s t a l s i n the 304B s t e e l . These micros t r u c t u r e s have UTS values above 200 Kpsi and t e n s i l e elongations above 80%.
